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Abstract 
Planetary nebulae (PNe) form around low to intermediate mass stars 
transitioning from the giant branch to white dwarf phase.  The outer layer of 
the star is ejected during the transition and this gas, ionized by the central 
star, emits a line-spectrum.  This spectrum traces the chemical abundances 
that were characteristic of the interstellar medium in which the star formed 
(e.g. oxygen) as well as of the elements created by these progenitor stars 
(e.g. nitrogen) aiding our understanding of chemical evolution of galaxies. 
In this project, we use modeling of the emission lines of PNe to determine 
the accuracy of direct methods of measuring abundances, which rely on 
using the observed emission line ratios.  By generating a large number of 
models with varying temperature and luminosity of the central star, we 
estimate how much uncertainty to expect due to these parameters alone.  We 
investigate the possibility of determining PNe chemical abundances by 
comparing observed line ratios to the predictions of a grid of models with 
known chemical abundances as an alternative to the direct methods.  We also 
report the model predictions for line strengths in the mid and far-infrared that 
could be observed by SOFIA. 
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Left: The Ring Nebula, an example 
planetary nebula.   Credit: The Hubble 
Heritage Team (AURA/STScI/NASA) 
Overview 
The following consists of an overview of the 
ionization structure of PNe, an observed line 
spectrum, and selected plots of line strength 
corresponding to one predicted mid-infrared  and 
different common optical lines produced from 
Cloudy, a photoionization modeling program.  We 
have run models corresponding to different starting 
chemical abundances, central star luminosity, and 
central star temperature.  While there is an 
expectation that temperature and luminosity have 
major effects on the line strengths, we have also 
found that nitrogen and oxygen abundances also 
have a noticeable effect in some cases as well.   
Figure 3. Above, predicted line strengths, colors indicate the luminosity of 
the central star used in the model, in order of decreasing luminosity: blue, 
green, red.  The filled shapes indicate an environment in which the element 
we are observing has a high abundance, while the empty shapes indicate a 
low abundance environment (see model parameter box).  The [Ne III] 
results exhibit a increasing relationship between line strength and Ne 
abundance, but we also observe a splitting of models dependent on N 
abundance, with low N models circled.  Additionally, another clustering of 
medium luminosity models occur with high He abundance, shown 
annotated. The [O II] 3727Å line exhibits significant influences from 
changes in both oxygen and nitrogen abundance, with low nitrogen models 
circled to indicate their separation from high nitrogen models. 
Figure 4. These sulfur lines exhibits significant influences from changes in 
nitrogen abundance. The low N results are circled.  A distinct clustering pattern 
can be seen in the [SIII] line, where oxygen abundance further splits the low 
nitrogen cluster in two.  This is only observed in the high luminosity models 
(blue). Coloring is the same as in Figure 3. 
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Ionization Structure of PNe 
Example PN Optical Spectrum 
Figure 2. This example spectrum, from Bresolin et al 
(2010), show the observational data used to make abundance 
measurements.  These line strengths are normalized with 
respect to the Hβ, and then can be used using direct methods, 
equations that give abundances given specific ionic rations, 
the electron temperature and density. 
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F i g u r e  1 .  T h e 
ionization structure of 
P N e e x p l a i n w h y 
different regions of the 
n e b u l a  w i l l  b e 
dominated by different 
emission lines.  As you 
move further from the 
central star you pass 
through regions where 
the gas has been 
ionized by the light 
from the central star, 
and eventually move to 
regions of neutral gas. 
These locations, where 
the gas switches from 
being highly ionized to 
being neutral, occur at 
different locations for 
different elements. The 
ionization structure 
graphs (above), based on a typical model, chart the relative ratio of doubly ionized 
elements (blue), O III and N III; the singly ionized species (red), O II, H II, and N II; 
and neutral species (black), O I, H I, and N I.  As light go through this absorption 
process, emitted electrons collisionally excite other elements and release non-ionizing 
photons.  Eventually, all of the ionizing photons will be absorbed, this case is known as 
an ionization bounded nebula, and is the case we look at in our modeling. 
Model Parameters 
The following grid of parameters was run for a total of 576 models: 
Physical Parameters 
Temperature of central star: 35000K, 60000K, 100000K 
Luminosity of central star (Log L/Lsolar): 2.5, 3.5, 4.5 
Radius: 1018cm Density: 2000 n cm-3 Geometry: Spherical 
Abundances (Log X/H + 12) 
He: 11.255, 10.903 Li: -8 Be: -8 B: -8 C: 8.893 N: 9.32, 7.36 O: 8.69, 
8.11 F: 8.477 Ne: 7.94, 7.48 Na 6.28 S: 7.04, 6.48 Si: 7.00 Ar: 6.44, 
5.95 K: 5.08  Ca: 4.08 Sc: -8  Ti: -8  V: -8  Cr: -8 Mn: -8 Fe: 5.7 Co: -8 
Ni: 4.26 Cu: -8 Zn: -8 
All models were ionization bounded, and ended when the temperature 
reached 4000K.  Abundances with -8 were chosen as to limit their 
effect on the models. Calculations were performed with version 13.01 
of Cloudy, last described by Ferland et al. (2013).   
 
 
[S II] 6717Å Line Strengths [S III] 9069Å Line Strengths 
[Ne III] 15.5µm Line Strengths [O II] 3727Å Line Strengths 
Next Steps 
We will run a finer grid of models to determine whether these differences are 
observationally significant, and if they can be used to determine more accurate 
measures of chemical abundances. 
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